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Abstract 
The study was aimed at evaluating the CO2 adsorption capacity of various South African coal types to 
determine the effects of pressure, coal rank and coal composition with regard to their maceral and mineral 
content. Pure CO2 adsorption isotherms were measured at 35 ºC and up to a maximum pressure of ~85 bar 
using the volumetric method. Higher ranking coals had shown greater sorption rates compared to lower 
ranked coals with greater mineral matter content. Increased maceral content, to some degree, shows 
greater affinity for CO2 uptake, however, there is no clear correlation between the competing nature of 
vitrinite and inertinite components from these results, further investigation into the inert and reactive 
components of the maceral components needs closer evaluation as can be seen from the SM coal type 
result, although the general trend leans toward higher adsorption capacity with regard to higher vitrinite 
content as a whole for most of the coals tested in this study. Langmuir model was found to generally 
accurately estimate the sorption capacity of the coals, exhibiting a classic Type 1 adsorption occurring. 
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1. Introduction 
Due to the energy- and carbon-intensive economic structure of South Africa, the country has become 
one of the biggest contributors to greenhouse gas emissions, emitting more carbon dioxide (CO2) than any 
other African country. The ratio of greenhouse gas emissions compared to per capita economic benefit, 
the so called carbon intensity of the economy, is among the highest in the world with emissions currently 
over 400-million tons of CO2 a year, which represents 1% of total CO2 emissions on a global scale [1]. 
Increasing global greenhouse gas levels have led to “global climate change” (previously referred to as 
“global warming”), resulting in more severe weather events than previously recorded. Although CO2 
makes up the most of greenhouse gas composition in the atmosphere, and occurs naturally, the burning of 
fossil fuels results in excess CO2 emissions; this is believed to be the main cause of climate change [2].  It 
is therefore strongly advocated that global society’s main aim should be to stabilize greenhouse gas 
emissions within the next five years, and then to rapidly reduce CO2 emissions by a third by 2020, with 
continued reduction up to 2050. Under the Kyoto treaty of 1997, clean development mechanisms (CDM) 
are starting to come into effect to help provide a commercial incentive for the reduction of CO2. The 
National White Paper on Climate Change Response was also recently gazetted, which will look at the 
monitoring and evaluation of carbon emission and the execution of mitigating emissions in South Africa. 
The White Paper states that after 2025 SA emissions will level out for 10 years before declining in 
absolute terms by 2036 [3].  
Carbon capture and storage (CCS) seems to be the most immediate form of action that can be 
implemented with the possibility of instantaneous reduction of CO2. The injection of CO2 into deep-
unmineable coal seams, not commercially viable for coal production, is a possible mitigation option under 
CCS for permanent underground storage of CO2. As a spin-off, useful coal-bed methane (CH4), referred to 
as enhanced coal bed CH4 (ECBM) could be extracted from the coal seam following CO2 injection since 
CH4 is predominantly physically adsorbed to the large internal surface area of the micro-pores in the coal 
[4]. Since CO2 is sorbed stronger than methane, the injection of CO2 will result in expelling methane 
which can be utilized as a secondary energy source [5]. 
In South Africa it has been estimated that approximately 1.38 Gt of CO2 could be stored in unmineable 
coalfields. Although this is not currently the preferred option for geological storage, the coalfields provide 
the largest onshore CO2 storage possibility [5]. In order to determine the most feasible sink of CO2, it is 
required to access the coal properties and hence then determine the best location which will not affect 
current or future mining operations and demand. A full understanding of the chemical composition and 
physical properties of each coal type must be accessed. A full understanding of the reservoir dynamics, 
the complete mass transfer process, the interaction of injected CO2 with coal and the effects are important 
to design and model a full scale process to ensure maximum sorption capacities are yielded [6]. 
There is generally a lack of CO2 adsorption data on South African coals; most of the adsorption data 
currently available pertain to CO2 adsorption studies for Northern Hemisphere and Australian coals.  It is 
therefore important to study the fundamental differences in CO2 adsorption in a variety of South African 
coals taking into consideration differences in coal properties like composition, mineral and maceral 
content, the volume of CO2 that can be stored under varying temperatures, and pressures conditions, and 
the behaviour of coal when CO2 is injected, amongst others.  
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2. Experimental 
2.1. Experimental Set-up 
A volumetric sorption apparatus was designed in order to perform experiments to evaluate and 
estimate the sorption capacities of the coal samples that were studied. A schematic diagram of High 
Pressure CO2 Volumetric Adsorption System (HPCVAS) is shown in Fig. 1. 
 
The setup consists of a reservoir cell, a sorption cell, a sample drying vessel and a digital control 
system for temperature and pressure control. The reservoir and sorption cells were made from stainless 
steel and have volumes of 467.2 cm3 and 64.89 cm3, respectively. The pressure in the reservoir and 
adsorption cells was controlled by a digital control system via accurate pressure sensors. Each cell can be 
controlled individually with an error less than 2.5 kPa. 
 
 
Fig. 1. Schematic Diagram of the Adsorption Apparatus 
 
2.2. Sample description and preparation 
Eight (8) South African (SA) coals were involved in this study which originate from six different SA 
coalfields which are located in the main Karoo basin; Witbank, Highveld, KwaZulu-Natal, Springbok 
Flats, Somkele and Ermelo. Each sample was identified by location and was characterized by coal rank 
(vitrinite reflectance (vitr. ref.)), maceral composition, and chemical composition (proximate analysis). 
Samples were chosen according to their various degrees of difference in coal composition and coal rank 
representing major South African coal fields. The proximate and petrographic properties of all the eight 
coals are presented in Table 1. Particle grain size range of -5 mm + 4.75 mm was used in this research. 
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Table 1. Proximate and Petrographic Analysis of the Coals Used 
  Proximate Analysis (wt%, adb)   Petrographic Analysis (vol%, inc. mm) Rank 
Sample 
ID 
Fixed 
C Moisture 
Vol. 
Matter Ash   Vitrinite Inertinite Liptinite 
Mineral 
Matter   
Coal A 84.6 1.4 5.2 8.8 32 63.4 0 4.5 HR C 
Coal E 27.8 4.5 49.8 17.94 9.6 71.6 8.6 10.2 MR C 
Coal I 56.3 2.0 23.3 18.4 45 42.4 2.2 10.4 MR C 
Coal L 56.7 3.8 24.8 14.7 30.2 58.4 5.2 6.2 MR C 
Coal SP 87.2 1.5 5.4 6.1 55.3 43.3 0 1.5 HR B 
Coal SY 51.4 5.0 24.3 19.3 18.2 67.2 2 12.4 MR C 
Coal SM 72.9 1.1 7.7 18.2 84 11.5 0 4.5 HR C 
Coal W 32.64 1.1 25.21 39.35   2.8 51.2 2.4 43.6   MR C 
adb – air dried basis inc. mm – including mineral matter  
HR C – High Rank C MR C – Medium Rank C  HR B- High Rank B 
 
2.3. Experimental procedure 
Each run involved three sequential procedures: degassing the sample being studied; filling the reactor 
cell with the coal, placing the reactor cell under vacuum prior to gas injection; determining the void 
volume (Vvoid) of the reactor cell filled with a coal sample, and; running the adsorption tests. 
 
Since the adsorption capacity and other properties such as the surface area, pore size, density, and 
porosity for coals could be affected by the presence of moisture within the coal sample [12], although 
other explanations cannot be ruled out completely, residual moisture appears to play a dominate role in 
affecting the measured adsorption isotherms of CO2 on dried coals [13]. Each coal sample was dried 
before the adsorption measurements could take place. Each sample was subjected to vacuum at a pressure 
of -0.7 bar and at a temperature of 130 ºC for 2 hours so as to degas the sample. The void volume, Vvoid, in 
the equilibrium cell was determined by injecting a known quantity of helium. Since helium is not 
adsorbed, the void volume can be determined from measured values of the temperature, pressure and 
amount of helium injected into the cell as described by Sudibandriyo [14]. 
 
After the void volume determination, the helium was evacuated from the system and was replaced by 
an appropriate adsorbate (flue gas). The adsorbate was charged into the system, nine pressure steps were 
chosen for these adsorption tests and they were increased accordingly from atmospheric pressure to 88 
bar. In the initial tests of up to 24 hrs, it was found that 90 min was sufficient for the adsorption of flue 
gases involved to reach equilibrium. The captured data of temperature and pressure was used determine 
the amount of gas adsorbed in millimoles per gram of coal tested. 
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3. Results and Discussion 
3.1 Comparison of Adsorption Isotherms of all coals tested 
The main aim was to determine the adsorption capacities of different South African coal types. Eight 
South African coals as outlined in Table 1 (adsorption results in Table 2) were tested to evaluate their 
ability to adsorb CO2 according to their respective properties of rank, maceral, and mineral matter, 
etc. 
Adsorption Isotherms comparing all SA coals tested 
 
 
 
 
 
 
 
 
 
Fig. 2. Adsorption Isotherms of all coal compared 
From figure 2 it is evident that SA coals have a similar trend and comparability in terms of the amount 
of CO2 adsorbed per gram of coal. Data from international studies of Northern Hemisphere coals have 
revealed similar sorption amounts in mmol/gram for high to low ranking coals. However, the distinction 
between the sorption competency between the vitrinite and maceral components is not clearly defined 
from Table 2 these results. Results show conflicting sorption capacities as from international studies. 
 
                                                          
 
 
 
 
Coal ID Amt of CO2 
(mmol/g) 
Coal A 2.17 
Coal SP 1.95 
Coal I 1.82 
Coal L 1.78 
Coal SY 1.64 
Coal SM 1.31 
Coal E 1.19 
Coal W 1.1 
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Table 2. Summary of Adsorption 
results in millimol per gram 
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Fig. 3. Adsorption Isotherms comparing different ranks of coals 
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3.2 Comparison of all SA coals composition tested: Major Maceral components and mineral content 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of coal composition for SA coals tested 
High rank Coal samples A and SP had the highest adsorption of CO2 2.17 and 1.95 mmol/g at a 
maximum supercritical pressure of 83 bar. The third highest rank coal, SM had a lower sorption capacity 
of 1.31 mmol/g compared to the lower ranking bituminous coals although it has the highest vitrinite 
content of all coals tested. While the bituminous (medium rank C) coal samples had adsorption values 
ranging from 1.82 – 1.1 mmol/g at approximately 80 bar of pressure. Coals A and SP results are as 
expected based on literature. The adsorption capacities that were achieved are in good agreement with 
[10], who found that they could attain a maximum CO2 adsorption capacity of 1.73 mmol/g for 
experimental pressures of up to an increase of 57.9 bar for bituminous rank Brazilian coals. The next high 
rank coal, SP has the highest vitrinite content (84% by vol.), as compared to coal A and SP and for all 
coals tested in this study (as can be seen from fig. 4). The bituminous (medium rank C) coals I, SY and L 
have similar ash, and vitrinite reflectance values, sorption amounts are 1.82, 1.64 and 1.78 mmol/g, from 
table 1 it can be seen that it can only be concluded that the higher sorption is due to the higher inertinite 
content for medium rank coals. Although this seems contrary to some literature [11], [12], [13], this was 
also concluded by other researchers [14].  
Coal W having the highest mineral matter of 43.6% and E having 10.8% exhibited the lowest CO2 
sorption capacities, although they have reasonable inertinite content (or higher than higher ranked coals) 
with very low vitrinite content, but these coals do have high mineral matter and ash content, which could 
be the reason for reduced adsorption of CO2. 
It is well known that porosity is related to maceral composition, i.e. vitrinite predominantly contains 
microporous, whereas inertinite contains mesoporous and macropores. Although a higher adsorption rate 
for higher rank coals has been observed as with previous studies, it must be noted that previous studies 
have also concluded that best sorption was noted mostly for vitrain-rich facies in high rank coals that 
contain low amounts of minerals [11, [12]. However, in contrast, an investigation by [15] showed no 
systematic differences between gas sorption capacities of vitrinite- and inertinite-rich coals, as noted from 
the current results. Conclusions made by [11] show that for the medium volatile bituminous rank dull 
coals with lower non-reactive inertinite contents showed a greater gas sorption capacity, because of 
higher micropore volumes. 
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With regard to inertinite- vitrinite competition and sorption increase: from this  study no 
definite conclusion regarding the maceral ratio between vitrinite and internite content could be 
distinguished. Other factors, such as mineral matter and ash do seem to play a more distinct role in 
determining the absolute sorption of a specific coal as can be seen from these results.  
The difference that can be noted between the coal E, W and SY samples is with regard to the liptinite 
content. The E sample has the highest liptinite content of all coals tested (8.6 vol%), with W sample at 2.5 
vol%. Not many researchers have focused on the probability and influence of liptinite; however, by 
process of elimination here, it could be a possible reason for the differences considering all other coal 
characteristics. It was found that contrasting CH4 sorption processes occur between liptinite-rich samples 
(solution gas) and liptinite-poor coals (physical sorption), and therefore concluded that liptinite-rich 
samples need to be independently assessed for sorption CBM potential It was also found that larger 
particle size fractions tested had a higher liptinite content than smaller size fractions. Liptinite is made up 
of highly aliphatic materials i.e they have a chemical composition similar to waxes and oils hence the 
difficulty in adsorption of CO2. 
Coal is very heterogeneous, specific grab samples tested at laboratory scale may not give accurate 
representative data. Samples tested are only a random selection from a specific coal batch. Hence it must 
be noted that specific adsorption values will vary from sample to sample. However, it must be noted that 
from the various coals tested, an almost definite and specific trend comparison can most definitely be 
identified in order to determine sorption capacity for different SA coal types and mineral, maceral matter 
as well as coal rank. Further investigation and most importantly, repeatability will certainly be needed. 
Many other SA coals still need to be evaluated; this can only be done if “available”. Constraint:  Many 
mining houses are reluctant to release coal samples for research/academic purposes. Reason: unknown. 
 
3.3 Langmuir Adsorption Modelling 
All calculated excess CO2 adsorption experimental data was fitted to the Langmuir model to determine 
the sorption characteristics. Fig 5 outlines the Langmuir modelling, which did not perfectly fit the 
experimental data. In some cases the Langmuir model over-estimated the sorption data for selected coals. 
This is evident that Type 1 Adsorption (monolayer) in these coals do not seem to be the preferred model 
reflection. Other adsorption models need to be further investigated in order to find the best characteristics 
to validate the sorption data calculated from experimental trials. 
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Fig. 5. Langmuir Adsorption Isotherms comparing different ranks of different SA coals 
 
4. Conclusions 
Using a variety of available SA (South African) coals and subjecting them to isothermal high pressure 
adsorption tests using a high pressure volumetric adsorption system injecting supercritical CO2, in 
incremental pressure steps, it was found that high ranking coals exhibited the highest sorption values. As 
compared to previous international studies regarding lower ranking coals, no correlation could be found 
between the competition of sorption enhancement between the vitrinite and inertinite components of coals 
tested. Contradiction was mainly brought about concerning coal SM tested in this study, which is also a 
high ranking coal. It can be noted, and is in concurrence with previous studies worldwide as noted in 
literature, that coals with high mineral matter and ash content has the poorest CO2 sorption capacity in 
these tested. Further coal composition data concerning reactive and non-reactive fusinites for example in 
the maceral component of low to high ranking coals needs further research and investigation into the 
competing nature between various maceral components for different coal types and their affinity for 
adsorbing CO2, as noted from this study. 
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